The activation enthalpies and frequency factors for interdiffussion of Al and Re in the -phase of Ni-Al-Re ternary system were estimated by a series of experiments using diffusion couples in the temperature range from 1200 to 1300 C. The method developed by Whittle and Green was applied to obtain the interdiffusion coefficients of the solutes (Al, Re) in the system. The activation enthalpies Q and the frequency factors D D o obtained from the experiments confirmed the slower diffusion of Re than Al. In addition, it was found that the influence of Re on the diffusion of Al in the -phase of Ni-Al-Re system was insignificant.
Introduction
In Ni-based superalloys, Re is an important element that contributes to the improvement of high temperature creep strength and hot corrosion resistance of the alloys. 1, 2) However, the increase of Re content in the superalloys causes the microstructure inhomogeneity due to its large gravity as well as the partition coefficient to enter the phase against 0 phase, resulting in the tendency of TCP (Topologically Close Packed) phase precipitation at high temperatures. 2, 3) As a result, the creep rupture strength reduces considerably.
The diffusion process in Ni based superalloys is essential in understanding the behavior of the elements in high temperature processes including homogenization and precipitation of the 0 phase in the matrix. 4) Therefore, it is important to provide the interdiffusion data for Re in the Ni alloy systems. The useful data concerning the interdiffusion of Re in the binary Ni-Re has been reported by Karunaratne et al., 5) however, it has not been reported the interdifusion of Re in the fundamental ternary systems of the superalloys, i.e. Ni-Al-Re. The works concerning this issue are being done in our group, and the report on the interdiffusion in Ni-Al-X (X ¼ Re, W) at 1250 C has been published by Hattori et al.
6)
The purpose of this study is to report the activation enthalpies and frequency factors of Al and Re interdiffusion in thephase region of the Ni-Al-Re system between 1200-1300 C.
Method for Determination of Interdiffusion Coefficients
The activation enthalpies and frequency factors for interdiffusion were determined using Arrhenius Relationship between interdiffusion coefficients and reciprocal temperatures according to the equation ofD D ¼D D o expðÀQ=RTÞ, whereD D o , Q and R are frequency factor, diffusion activation enthalpy and the gas constant, respectively. Four interdiffusion coefficients ofD D k i j (i; j ¼ solutes; k ¼ solvent) were estimated using the following equations developed by Whittle and Green:
whereD D are the terminal concentration of solute i at x ¼ À1 and x ¼ þ1, respectively, and t is diffusion time. This extended method does not require the determination of Matano interface as it was a time-consuming and a possible source of inaccuracy. 7) To solve the eqs. (1) and (2), two diffusion couples are required to give two diffusion paths intersect at a common concentration at which the interdiffusion coefficients are to be determined.
Experimental Procedure
Four alloy button-ingots (pure Ni, Ni-5%Al, Ni-5% Re and Ni-5%Al-5%Re) for the diffusion couples were prepared by arc melting furnace. The composition of elements given here are in mol%. The compositions placed the alloys in thephase region of the ternary phase diagram over the range of experimental temperatures. The ingots were cut into the squared-plate shape and the plates were rolled and annealed according to the conditions listed in Table 1 to promote * 1 Graduate Student, Nagoya University * 2 Graduate Student, Nagoya University, Present address: Mitsubishi Heavy Industries, Ltd., Takasago. homogenization and grain growth. Average grain sizes of the annealed plate were about 1000 mm for pure nickel and 400 mm for Ni-Al, Ni-Re and Ni-Al-Re alloys. The annealed plates were cut into the dimension of 10 Â 10 Â 2 mm. The plates were ground flat and parallel and polished with 0.25 mm of diamond slurry in finishing. Then, the plates were cleaned by acetone in an ultrasonic cleaner. The diffusion couples were assembled with the inert marker of 10 mm diameter alumina fibers placed between the polished surfaces of the plates and clamped with molybdenum holder. Two kinds of diffusion couples were made as listed in Table 1 . The diffusion couples were encapsulated in quartz ampoules under Ar gas for diffusion annealing.
The diffusion annealing was carried out at temperatures of 1200, 1250 and 1300 C for 240, 144 and 96 h, respectively. After diffusion annealing, the couples were then sectioned perpendicular to the diffusion interface and the concentration profiles across the diffusion interfaces were examined by a scanning electron microscope (SEM) equipped with EDX. Figure 1 shows the concentration profiles of the solute Ni/Ni-5Al-5Re
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Ni-5Al/Ni-5Re elements across the diffusion couples. The profiles exhibit sigmoidal curve without any discontinuity, indicating that the atomic diffusion occurred in the solid solution region at each diffusion temperature. The diffusion paths can be obtained by replotting the data of Fig. 1 into the isothermal section of the system and the results are shown in Fig. 2 . The intersection composition of the diffusion paths of two couples at the diffusion temperatures of 1200, 1250 and 1300 C are Ni-2.9%Al,4.6%Re; Ni-2.5%Al,4.6%Re and 2.9%Al,4.2%Re, respectively. They are almost the same and within Ni-2:7 AE 0:2%Al; 4:4 AE 0:2%Re. At this intersection composition, interdiffusion coefficients were obtained using the method represented by eqs. (1), (2) and (3). The procedure using this method has been described in the previous report. 6) The resulting interdiffusion coefficients at the annealing temperatures of 1200, 1250 and 1300 C are listed in Table 2 .
Interdiffusion activation enthalpies and frequency factors
The Arrhenius relationship between the interdiffusion coefficients and reciprocal temperatures is shown in Fig. 3 Table 2 ). In addition, the value of frequency factorD D o forD Table 2 ) by the factor of about 0.2. Furthermore, the values of Q andD D o listed in Table 3 The reason is still not clear and can not be discussed at the moment.
Conclusion
The activation enthalpies and frequency factors for Al and Re interdiffusion in the -phase of Ni-Al-Re system has been determined experimentally. The resulting Q andD D o confirmed the slower diffusion of Re than Al in Ni. In addition, it was found that Re has insignificant effect on the diffusion of Al in the -phase of Ni-Al-Re system. The resulting activation enthalpies and frequency factors can be expressed in the following equations for interdiffusivity: 
